Abstract. Although the electron density profiles (EDPs) from Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) measurement have been validated by ionosonde data at a number of locations during the solar minimum period, the performance of COSMIC measurements at different latitudes has not been well evaluated, particularly during the solar maximum period. In this paper the COSMIC ionospheric peak parameters (peak electron density of the F region -NmF2; peak height of the F region -hmF2) are validated by the ionosonde data from an observation chain in China during the solar maximum period of 2011-2013. The validations show that the COSMIC measurement generally agrees well with the ionosonde observation. The error in NmF2 from COSMIC and ionosonde measurements varies with latitude. At midlatitude stations, the differences between COSMIC NmF2s and those of ionosondes are very slight. However, COSMIC NmF2 overestimates (underestimates) that of the ionosonde at the north (south) of the equatorial ionization anomaly (EIA) crest. The relative errors of hmF2s are much lower than those of NmF2s at all stations, which indicates the EDP retrieval algorithm of the COSMIC measurement has a better performance in determining the ionospheric peak height. The root mean square errors (RMSEs) of NmF2s (hmF2s) are higher (lower) during the daytime than during the nighttime at all stations. Correlation analysis shows that the correlations for both NmF2s and hmF2s are comparably good (correlation coefficients > 0.9) at midlatitude stations, while correlations of NmF2 (correlation coefficients > 0.9) are higher than those of hmF2 (correlation coefficients > 0.8) at low-latitude stations.
Introduction
Since the radio occultation (RO) technique using the GPS signals was first employed by the Global Positioning System Meteorology (GPS/MET) experiment aboard the Microlab-1 satellite in 1995, the low-earth-orbit-based GPS RO technique has proven successful in exploring the earth's lower atmosphere and ionosphere. The RO data provide vertical profiles of neutral density, temperature, pressure and water vapor in the stratosphere and troposphere and electron density in the ionosphere (Hajj and Romans, 1998; Rocken et al., 2000; Schreiner et al., 1999) , and they have been widely used in atmosphere and ionosphere research, as well as weather and space weather forecasting (Krankowski et al., 2011; Wickert et al., 2009) .
A constellation of six microsatellites, termed the FORMOSAT-3/COSMIC (Formasa Satellite 3 -Constellation Observing System for Meteorology, Ionosphere, and Climate) was launched into a low earth orbit at around 800 km in 2006. Each microsatellite carries a GPS occultation experiment payload to operate the RO measurement. Owing to the multi-satellite configuration, the COSMIC constellation can provide much more vertical electron density profiles (EDPs) than previous missions. The availability of COSMIC EDP data significantly enlarges the database for a variety of ionospheric research on a global scale, such as research into the variation of ionospheric peak parameters and scale heights (L. Liu et al., 2008 Liu et al., , 2009 Liu et al., , 2011 , storm time ionospheric behavior (Zakharenkova et al., 2012) and low-latitude F3 layer occurrence (Zhao et al., 2011) .
L. Hu et al.: Validation of COSMIC ionospheric peak parameters
The COSMIC ionospheric EDPs are retrieved from the RO data by the Abel inversion under the assumption of ionospheric symmetry (Lei et al., 2007) . Statistical comparisons of ionospheric peak parameters (NmF2 and hmF2) measured by COSMIC satellites and ionosondes indicate that there are considerable high correlations between COS-MIC and ionosonde ionospheric parameters (Lei et al., 2007; Chu et al., 2010; Chuo et al., 2011 Chuo et al., , 2013 Ely et al., 2012; Krankowski et al., 2011; J.-Y. Liu et al., 2010; Hu et al., 2014) . Comparisons of COSMIC-based EDPs with the data of incoherent scatter radar (ISR) at Millstone Hill, Jicamarca, Arecibo and Kharkov show that there is good agreement between the COSMIC and ISR EDPs (Lei et al., 2007; Kelley et al., 2009; Cherniak and Zakharenkova, 2014) . Evaluations of COSMIC performance by simulations show that the NmF2 and hmF2 retrieved from COSMIC measurements are generally in good agreement with the "true values" calculated from the integrated total electron content (TEC) along the COSMIC occultation paths, with the "true" electron density taken from the NeQuick model, but the reliability of the retrieved electron density decreases in low-latitude regions and at low altitudes (Yue et al., , 2011a .
According to the simulation results of Yue et al. (2010 Yue et al. ( , 2011a , the Abel inverted electron density has systematic deviation because of the spherical symmetry assumption. The relative errors of COSMIC ionospheric parameters have significant geomagnetic latitude and local time dependency. However, latitude dependency of the performance of COS-MIC measurements has not been well validated by groundbased observation. Most of the published validations by manually scaled ionosonde data focused on low-latitude regions, particularly during the solar minimum. Chu et al. (2010) carried out a global survey of COSMIC ionospheric peak parameters by comparing them with ground-based ionosonde data from the Space Weather Prediction Center (SWPC), NOAA. However, their results were restricted by the inhomogeneous distribution of the ionosonde stations. To deal with the abovementioned issues, a comparison of ionospheric peak parameters retrieved from COSMIC and a chain of ionosondes in China during the solar maximum (2011-2013) is made in this paper. Statistical analysis of diurnal variation, absolute and relative errors, and correlations of NmF2 and hmF2 are presented regarding the different latitudes.
Data processing
As a conventional technique for ionospheric observation, globally distributed ionosondes provide a large database for calibrating and validating other measurements. An observation chain consisting of four DPS4D ionosondes was set up during 2010 to early 2011 in China. As shown in Fig. 1 and Table 1 , the four stations are located along the 120 • E longitude, covering the geomagnetic midlatitude (Mohe and Beijing) and low-latitude (Wuhan and Sanya) regions with The Digital Portable Sounder 4D (DPS4D) ionosonde developed by the University of Massachusetts Lowell is the most widely used one in the world, with the capability of precise ionospheric sounding and real-time data analysis (Reinisch and Galkin, 2011) . The sounding data (ionograms) can be automatically scaled by ARTIST5 software with considerable reliability (Galkin and Reinisch, 2008) . However, all the ionograms were manually scaled using the SAO Explorer software to ensure data accuracy. The ionograms with strong spread F or a rather weak trace were eliminated during the manual data checking step. The ionospheric EDP, NmF2 and hmF2 were then calculated by the true height inversion algorithm NHPC, embedded in the SAO Explorer software (Reinisch and Huang, 2001) .
The COSMIC EDP data were obtained from the COS-MIC Data Analysis and Archive Center (CDAAC) at the University Corporation for Atmospheric Research (UCAR). For comparison, the COSMIC EDPs in which the tangent point of the F layer peak was close to the four ionosonde stations, with a maximum difference of 2.5 • in latitude and longitude, were selected. Although the level 2 ionospheric profile data have been post-processed at CDAAC, we further fitted each individual EDP with a Chapman α function as described by Liu et al. (2007) to obtain the NmF2 and hmF2 values. The fitting was limited to within the altitude of 160-600 km to avoid the larger error in electron density at lower altitudes (Kelley et al., 2009; Yue et al., 2010) . As indicated by Fig. 2a , in most cases the COSMIC EDPs are very smooth and the fitted ionospheric peaks are just around the maximum position of electron density. However, in a few cases there exist spur structures within the profiles, and the ionospheric peaks can be retrieved reasonably well from the Chapman function fitting (Fig. 2b) .
For individual RO events close to the ionosonde stations, corresponding ionosonde data with a time difference of less than 7.5 min were selected to form data pairs for comparison. The total numbers of data pairs are 583, 429, 343 and 502 for Mohe, Beijing, Wuhan and Sanya, respectively. The difference in the number of data pairs results from several factors, such as a lack of measurements during power shutdown and ionosonde maintenance, data rejection during manual ionogram scaling, and the nonuniform latitudinal distribution of COSMIC RO events. Figure 3 shows the diurnal variation of ionospheric peak parameters retrieved from COSMIC and ionosonde measurements at four stations. The hourly values of NmF2 and hmF2 were averaged from the selected data pairs with a time difference of less than 30 min from a given hour. The hourly root mean square errors (RMSEs) between peak parameters from the COSMIC and ionosondes measurements are also provided. It should be noted that a bias of 200 is added to the RMSE of hmF2s in order to show all the data in the subfigure together. The result indicates that the COSMIC NmF2 and hmF2 generally follow the same trends of diurnal variation as those of the ionosondes at four stations. The NmF2s of both measurements at all stations reach the minimum around local dawn (04:00-06:00 LT) and then start to increase in the morning until reaching the maximum around noontime (12:00-14:00 LT). The NmF2 peak is very sharp at 14:00 LT at Wuhan, while the NmF2 maintains a very high level during the whole afternoon at Sanya.
Results
However, a difference in the ionospheric peak density from both measurements could be observed, which varies with latitude and local time. COSMIC NmF2 agrees very well with that of the ionosonde at Mohe. The RMSEs of NmF2s in most hours are less than 0.1 × 10 6 cm −3 . At Beijing, the COSMIC NmF2 slightly overestimates that of the ionosonde between 10:00 and 21:00 LT. The RMSEs of NmF2s are larger than those at Mohe during this period. At Wuhan, the COSMIC NmF2 overestimates that of the ionosonde, with much higher RMSE and longer duration (08:00-23:00 LT). In contrast to the overestimation at higher latitude, COSMIC NmF2 tends to underestimate that of the ionosonde in most hours at Sanya except for during 05:00-09:00 LT. The RMSE of NmF2s can be as high as 0.5 × 10 6 cm −3 during 12:00-21:00 LT.
Regarding ionospheric peak height, the hourly averaged hmF2s from both measurements show the same tendency in diurnal variation. COSMIC hmF2 agrees well with that of the ionosonde at midlatitude stations (Mohe and Beijing), with an RMSE of hmF2s that is less than 30 km in each hour. The hmF2 decreases at dawn and maintains a low level at about 250 km during the daytime. In the evening, the hmF2 starts to enhance and reaches its maximum around midnight. Unlike the hmF2 at midlatitude stations, which remains steady during the daytime, the hmF2 at low-latitude stations (Wuhan and Sanya) exhibits another peak at 14:00 LT. The daytime peak is even greater than the nighttime one at Sanya. In addition, the differences between COSMIC hmF2 and ionosonde hmF2 at low-latitude stations are much larger than at midlatitude stations. The COSMIC hmF2 either overestimates or underestimates that of the ionosonde in most hours. For example, the COSMIC hmF2 underestimates the ionosonde hmF2 during 21:00-23:00 LT (04:00-06:00 LT) at Wuhan (Sanya), while it overestimates the ionosonde hmF2 during 12:00-15:00 LT (11:00-22:00 LT) at Wuhan (Sanya). The RMSEs of hmF2s are also higher than those at Mohe and Beijing in most hours. Figure 4 displays the absolute and relative errors between COSMIC and ionosonde NmF2s at four stations. It can be seen that the absolute and relative errors in NmF2s vary with latitude. The RMSE and mean | relative error | of NmF2s and hmF2s are also provided. Because the relative errors are of sign, the mean | relative error | is averaged from the absolute value of relative errors in order to avoid the neutralization effect. At Mohe and Beijing the errors of NmF2s are very slight. The absolute and relative errors are distributed nearly symmetrically around 0. Most of the absolute and relative errors of NmF2s are within −0.3 × 10 6 to 0.3 × 10 6 cm −3 and −30 to 30 %, respectively. The overall RMSEs of NmF2s are 0.06 × 10 6 and 0.17 × 10 6 cm −3 for Mohe and Beijing. The corresponding mean | relative errors | of NmF2s are 11.4 % and 16.7 %. At Wuhan, the absolute and relative errors of NmF2s are mostly positive, which indicates the overestimation of NmF2. The corresponding RMSE and mean | relative errors | of NmF2s are 0.36 × 10 6 cm −3 and 38.9 %. In contrast, most of the absolute and relative errors of NmF2s are negative at Sanya, which represents the underestimation condition. The corresponding RMSE and mean | relative errors | of NmF2s are 0.51 × 10 6 cm −3 and 23.8 %. It is interesting to note that, although the RMSE of NmF2s is larger at Sanya than at Wuhan, the mean | relative errors | is smaller at Sanya than at Wuhan. This discrepancy is caused by the difference in background NmF2s at these two stations: since the NmF2 measured by ionosonde at Wuhan is usually much smaller than that at Sanya. For example, the averaged NmF2s from ionosonde measurements are 1.30 and 1.99 × 10 6 cm −3 at Wuhan and Sanya, respectively, during the period of 12:00-14:00 LT for the selected data sets.
Regarding the absolute and relative errors between COS-MIC and ionosonde hmF2s presented in Fig. 5 , it can be found that the errors of hmF2s are quite small at all stations. Both the absolute and relative errors are distributed in a similar symmetric pattern, without distinct underestimation or overestimation. However, slight difference can still be found between stations. The RMSEs of hmF2s are smaller at midlatitude stations (13 km at Mohe and Beijing) and larger at low-latitude stations (22 km at Wuhan and 29 km at Sanya). The mean | relative errors | are about 3 % at midlatitude stations (Mohe, Beijing), while they are greater than 5 % at low-latitude station (Wuhan and Sanya).
Figures 6 and 7 show the RMSE of NmF2s and hmF2s from COSMIC and ionosonde measurements in different local times and seasons. May to August and November to February are denoted as summer and winter, respectively, and March to April and September to October are denoted as the equinox period. It could be found that the RMSEs of NmF2s and hmF2s increase with decreasing latitude. The RMSE of NmF2s is higher during the daytime than during the nighttime at all stations. In contrast, the RMSE of hmF2s is slightly lower during the daytime than during the nighttime. Regarding the seasonal variation, the RMSE of NmF2s is lowest in summer for all stations and highest in the equinox period at Beijing, Wuhan and Sanya. The seasonal variation of the RMSE of hmF2s differs greatly between low-and midlatitude stations. The RMSE of hmF2s is lowest in the equinox period at Mohe and Beijing, while it is highest in the equinox period and lowest in summer at Wuhan and Sanya. Figure 8 presents the scatterplots of NmF2s and hmF2s retrieved from COSMIC and ionosonde measurements. The sample numbers and correlation coefficients are also displayed. The correlations of NmF2s between COSMIC and ionosondes are considerable. The correlation coefficients decrease with latitude from 0.97 at Mohe to 0.90 at Sanya. Comparing the scatter dots with the diagonal line (y = x), the overestimation of NmF2 at Wuhan and underestimation at Sanya are distinctive. The correlations of hmF2s at Mohe and Beijing are much higher than those at Wuhan and Sanya, and no evident underestimation or overestimation is found. Regarding the difference in the correlation of NmF2s and hmF2s, the correlations of both parameters are comparatively high at Mohe and Beijing. However, the correlations of NmF2s are much higher than those of hmF2s at Wuhan and Sanya, which are closer to the equatorial ionization anomaly (EIA) region.
Discussion
The most critical assumption during the retrieval of ionospheric EDP from RO measurement is the global ionospheric symmetry. The ionospheric horizontal gradient is not considered in the EDP calculation under this assumption. However, the ionospheric gradient does exist and has latitude and local time dependency, such as the EIA occurring during the daytime due to the fountain effect. Thus, the performance of Abel inversion decreases at the latitude region where the horizontal symmetry of ionosphere is not well satisfied. In this study, the ionospheric peak parameters from the COSMIC measurement were compared with those from the ionosondes observation in different latitude regions. The results indicate that the performance of the COSMIC measurement varies with latitude and local time. The COSMIC NmF2 and hmF2 agree with those of the ionosonde at Mohe very well. Though the agreement between the hmF2s of the two types of measurements is still good at Beijing, the overestimation of NmF2 arises during the daytime. At a lower latitude, COS-MIC NmF2 overestimates that of the ionosonde at Wuhan, with a larger discrepancy and longer duration, while it underestimates that of the ionosonde at Sanya. Yue et al. (2010 Yue et al. ( , 2011a conducted a series of studies on validating the EDP retrieval algorithm from the COSMIC RO measurement concerning the latitudinal and local time dependency. Their simulation results showed that the retrieved EDPs represent the EIA reasonably well and track the latitudinal and height variations of the true electron density modeled by NeQuick during the daytime (12:00-14:00 LT) of the spring equinox in 2008. However, the retrieved electron density underestimates the true electron density in the region surrounding the EIA crest (±10-30 • latitude), while it overestimates the true electron density near the equator (±10 • ) and in the north and south of the EIA crests (±30-50 • ) (Yue et al., 2010). The errors of ionospheric parameters are more significant in low-latitude regions and between noontime and sunrise (Yue et al., 2011a) . The latitudinal distribution of the estimation error can be explained by the spherical symmetry assumption. When the tangent points are in the EIA crest regions, electron densities are underestimated because the real slant TEC does not support high values in that spherical layer. In the nearby region the electron density will be overestimated because the effects of the EIA peak region are spread by the inversion under the spherical symmetry assumption .
Our comparison also shows overestimation and underestimation of NmF2 at stations with different latitudes. But the areas of overestimation/underestimation are slightly different from those in the simulation results of Yue et al. (2010) . For example, Wuhan and Sanya are located at areas of "underestimation" and "overestimation" according to the model results, but contrary results are presented by current ground-based comparison. The discrepancy may result from the deviation between foF2s from NeQuick calculation and ionosonde observation. Lu and Liu (2008) evaluated the prediction ability of NeQuick model on foF2 over Asia-Australia sector. Their results indicate that the foF2 from NeQuick model overestimates/underestimates that from ionosonde observation in most hours at Wuhan and Taipei (121.5 • E, 25.0 • N) (see Fig. 1 of the reference) . The discrepancy may also result from the seasonal and solar cycle variation of the EIA. As pointed out by Huang and Chen (1996) , the strength and the latitude position of the most developed EIA have a seasonal and solar cycle dependency. The winter crest appears larger and is earlier than the summer crest, and the summer crest appears at a lower latitude than that of other seasons. The latitudinal variation of absolute deviation between COSMICretrieved and NeQuick-calculated electron density was simulated from globally distributed RO events during the daytime (12:00-14:00 LT) of the spring equinox during solar minimum (2008) . However, our comparison is based on ionosonde observations in all seasons and all the local time during solar maximum (2011-2013) along the 120 • E longitude. The difference in the period and spatial coverage of data may lead to the difference in position and strength of the EIA. It is reasonable to expect the underestimation and overestimation of NmF2 at Sanya and Wuhan if the position of the EIA moves towards the lower latitude. However, the correlation between the deviation of electron density and the presence, strength and position of the EIA is beyond the scope of this paper. It will be investigated in future work.
Our results are also slightly different from the global survey of COSMIC ionospheric peak parameters by Chu et al. (2010) . Their results show that the mean values of peak electron density measured by COSMIC satellites are systematically smaller than those observed by ionosondes, while the COSMIC-measured peak height is systematically higher than the ionosonde derived hmF2. The COSMIC NmF2s are larger than those of ionosondes in high-latitude (> 60 • ) regions by about 10-30 % and smaller in lowlatitude and equatorial regions by less than 10 %. The COS-MIC hmF2s are higher than those of ionosondes by about 0-15 % in high-latitude region and 10-25 % in low-latitude and equatorial regions (Chu et al., 2010) . However, no evident overestimation of hmF2 is shown in our results. The difference may result from the data source and method of data processing. The data used by Chu et al. (2010) were collected from inhomogeneously distributed stations during a period of 8 months during solar minimum (July 2006 to February 2007 , while the data used in this analysis are from the ionosonde observation chain in China during the solar maximum of 2011-2013. Since the ionospheric gradient is dependent on locations and solar activity, the difference in data period and station distribution may lead to the discrepancy in the comparison results. In addition, the ionosonde hmF2 employed in the research of Chu et al. (2010) was directly obtained from SWPC, which was estimated from the virtual heights based on the POLynomial ANalysis (POLAN) method. However, the ionosonde hmF2s involved in this research are calculated by the NHPC algorithm after all the ionograms are manually scaled. As reported by Šauli et al. (2007) , there are significant systematic differences between electron density profiles calculated by POLAN and NHPC inversion methods. The reflection true height for a given frequency computed by NHPC is systematically higher in nighttime profiles. By contrast, the reflection true height for a given frequency computed by POLAN in daytime profiles is higher, and the standard mean deviation representing the significance of the result is smaller especially in twolayer profiles.
Error analysis shows that the error in NmF2s varies significantly with the latitude (Fig. 4) . However, the latitudinal dependency of the error in hmF2s is not so distinct (Fig. 5) . Neither underestimation nor overestimation is evident in the absolute or relative error in hmF2s at four stations. In addition, the mean | relative error | of hmF2s is much smaller than that of NmF2s at each station. All these results indicate that the retrieval algorithm of COSMIC EDP performs better when determining the ionospheric peak height than when determining the peak density. Similar results have been reported by simulation and ionosonde validation. The standard deviation of the relative retrieval error is ∼ 15 % for NmF2 and ∼ 2 % for hmF2 on the basis of 43 180 COSMIC occultation events simulated during the spring equinox of 2008 . The relative standard deviations of NmF2 and hmF2 are 8.4 and 4.9 % obtained by comparing the profiles from COSMIC with those from the Pruhonice and Juliusruh ionosondes in Europe during 2008 (Krankowski et al., 2011) .
Scatterplots show high correlations between ionospheric peak parameters from COSMIC and ionosonde measurements (Fig. 8) . At midlatitude stations (Mohe and Beijing), the correlations of both NmF2s and hmF2s are greater than 0.9. High correlations of NmF2s (0.99) and hmF2s (0.95) are also reported by Krankowski et al. (2011) in a similar latitude region. At low-latitude stations (Wuhan and Sanya), the correlations of NmF2s are higher than those of hmF2s. Some correlation analysis between COSMIC and ionosonde measurements have been conducted at different locations in low-latitude regions. Comparisons at Jicamarca during the solar minimum of 2006-2008 show high correlations between the two types of measurements, with correlations greater than 0.9 and 0.8 for NmF2 and hmF2, respectively (J.-Y. Chuo et al., 2011) . Comparison of characteristics of ionospheric parameters obtained from COSMIC and a digisonde over Ascension Island also illustrates similar diurnal variation and high correlation for both NmF2 (> 0.91) and hmF2 (> 0.72) in the equinox, summer and winter periods (Chuo et al., 2013) . Comparison between RO EDPs from the COSMIC satellites with digisonde data over the Brazilian region shows generally good correlation for NmF2 (0.92) and hmF2 (0.78) (Ely et al., 2012) . In addition, all the mentioned comparisons unanimously show higher correlation for NmF2 than for hmF2.
Summary
The COSMIC ionospheric peak parameters (NmF2 and hmF2) over China are validated by the ionosonde data from an observation chain which consists of four stations during 2011-2013. The diurnal variation, absolute and relative errors, and correlations of the NmF2 and hmF2 from COSMIC and ionosonde measurements are analyzed. It is the first validation of latitudinal variation by manually scaled ionosonde data, which provides a reference for ionospheric research based on the Abel-retrieved EDPs, especially the one relating to different latitude regions. The results are as follow:
1. Comparison results show that the COSMIC measurement generally agrees well with ionosonde observations during the solar maximum period. The diurnal variations of NmF2 and hmF2 from the COSMIC measurement follow the same trend as those from ionosonde observations.
ionospheric peak height than when determining the peak density.
4. The RMSEs of NmF2s are lower during the nighttime and in summer, while the RMSEs of hmF2s are higher during nighttime for all stations.
5. The correlation of NmF2s decreases with latitude. At midlatitude stations, the correlation of NmF2s and hmF2s is the same. At low-latitude stations, the correlation of NmF2s is higher than that of hmF2s.
